of lysine to methionine alters expression of genes involved in milk protein transcription and translation and mTOR phosphorylation in bovine mammary cells.
lysine (Lys) have been identified frequently as the two mostlimiting AA for milk yield and milk protein synthesis (5, 17) .
Amino acids are transported through cellular membranes via specific transporters, which vary depending on tissue type and physiological state and have a specific substrate preference (1) . The mammary glands can uptake AA from blood through different transporters located in the plasma membrane of mammary epithelial cells (MEC). Such a mechanism helps sustain an active synthesis of milk protein (16) .
L-Lys is transported into MEC via the yϩ system, which also is known as the cationic AA transfer system. Cationic AA are transported into the mammary gland via transporter CAT-1 (cationic amino acid transporter 1, gene symbol is SLC7A1) and/or CAT-2 (cationic amino acid transporter 2, gene symbol is SLC7A2). CAT-1 is the typical cationic amino acid transporter and is mainly responsible for the transport of L-Lys, L-ornithine, and L-arginine (13) . L-methionine is transported into MEC via the alanine, serine, and cysteine transporter system ("ASC" system). There are two isoforms of AA transporters that belong to the ASC system and are encoded by SLC1A4 (glutamate/neutral amino acid transporter, member 4; protein common name is ASCT1, alanine, serine and cysteine transporter 1) and SLC1A5 (glutamate/neutral amino acid transporter, member 5; protein common name is ASCT2, alanine, serine and cysteine transporter 2). The ASCT1 is mainly located in the brain (3) , while ASCT2 has a more ubiquitous expression pattern (10) . Recent data provided evidence that ASCT2 is the most abundant ASC-system transporter in lactating rat mammary glands (8) . The transport rate of AA appears to be one of the major limitations for milk protein synthesis in some situations (32) .
Recent work demonstrated that AAs are key regulators of signal transduction pathways regulating gene expression of milk protein and AA transporters (2, 24) . Certain AA alone can modify the expression of several target genes (4, 19, 21, 38) and also modulate translation through downstream targets of the mammalian target of rapamycin (mTOR) signaling pathway (11, 20, 22, 35) . However, previous studies did not clearly establish the relationship between intracellular level of Lys and Met and expression of genes related to milk protein synthesis. Therefore, the objectives of the present study were to determine the optimal ratio of supplemental Lys:Met resulting in peak casein concentration and determine alterations in gene expression of AA transporters, JAK2-STAT5 and mTOR pathway components, mTOR protein expression, and phosphorylated mTOR in bovine MEC.
MATERIALS AND METHODS
Cell culture and MTT assay. The bovine MEC was constructed at State Key Laboratory of Animal Nutrition, Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing, China. The details regarding establishment of this cell line were published previously (18) . Cells were cultured in DMEM/F12 basic medium containing 10% fetal bovine serum (FBS) at 38°C and under 5% CO 2 (18) . All cell culture reagents were purchased from Gibco and SigmaAldrich.
The lactogenic DMEM/F12 medium (without FBS) contained 5 g/ml bovine insulin, 5 g/ml bovine Holo transferrin, 5 g/ml prolactin, 5 g/ml progesterone, 10 Ϫ7 mol/l hydrocortisone, 10 ng/ml bovine epithelial growth factor, and 5 g/ml bovine estradiol (all from Sigma-Aldrich). The AA profile of this medium was as follows: Arg, Cys, Gln, Gly, His, Ile, Leu, Lys, Met, Phe, Ser, Thr, Trp, Tyr, and Val at 84, 63, 584, 30, 42, 105, 105, 146, 30, 66, 42, 95, 16, 104 , and 94 mg/l. When the MEC were at 80% confluence, the FBS-containing basic medium was replaced with FBS-free lactogenic medium, and the cells were cultured for another 8 h as an adaptation period.
The 3-(4,5-Dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) method was used to examine the effects of different concentrations of supplemental Lys and Met and culture time on the extent of MEC proliferation. These data were used to determine the optimal concentration range and culture time for the Lys or Met treatments. The cells were cultured in lactogenic medium supplemented with Lys or Met to achieve the desired concentrations Four hours before the end of incubation (20, 44 , or 68 h, respectively), 20 l of 5 mg/ml MTT was added to each well. At the end of incubation, the supernatant was discarded, 100 l DMSO was added to each well, and the plates were shaken for 5 min to ensure the mixture was homogenous. The optical density value (OD value) at 590 nm of every well was determined with an automated microtiter plate reader (Infinite F200, Tecan, Switzerland) to assess cell proliferation. Experiments were repeated in triplicate. Within each experiment there were three replicates. The data were analyzed by an ANOVA with the PROC MIXED procedure in SAS 8. The data were analyzed by an ANOVA with PROC MIXED in SAS 8.2 (SAS Institute). Means were separated with Tukey's. Data are means Ϯ pooled SE. Different lowercase letters in the same column (culture time) denote significant differences among concentrations. Different uppercase letters in the same row denote significant differences among culture times at the same lysine concentration. OD, optical density. The data were analyzed by an ANOVA with PROC MIXED in SAS 8.2 (SAS Institute). Means were separated with Tukey's. Data are means Ϯ pooled SE. Different lowercase letters in the same column (culture time) denote significant differences among concentrations. Different uppercase letters in the same row denote significant differences among culture times at the same methionine concentration. and the experiment was repeated thrice. The data were analyzed by an ANOVA with the PROC MIXED procedure in SAS 8.2 (SAS Institute). The statistical model included concentration as fixed effect. Means were separated by Tukey's. Data are reported as means Ϯ pooled SE. Means were considered statistically significant when P Ͻ 0.05. According to the results, the optimal concentration for the greatest casein concentration was observed at a Lys concentration of 1.2 mM and of Met at 0.5 mM. Subsequently, flow cytometry (FAM) and RT-PCR were used to assess responses on cell proliferation and mRNA expression of key AA transporters and signaling molecules in the JAK2-STAT5 and mTOR pathways when Lys or Met were incubated to achieve the peak in casein.
Lys plus Met treatment and casein assay. The experiment was conducted as a 5 ϫ 3 factorial design using different ratios of Lys plus Met (Lys&Met). To obtain the optimal ratio of supplemental Lys and Met for peak casein concentration, cells were cultured for 48 h with mixtures of Lys and Met as follows: Lys at 1.0, 1.2, 1.4, 1.5, and 1.6 mM, plus Met at 0.4, 0.5 and 0.6 mM. Cell culture conditions, casein assay, FAM, and RT-PCR were the same as described above. Furthermore, these methods were used to assess cellular proliferation, gene expression, mTOR protein expression, and phosphorylated mTOR (p-mTOR) at the optimal Lys&Met (i.e., Lys, 1.2 mM plus Met, 0.4 mM).
Flow cytometry. Cells were digested with TrypLE Express (Gibco) and then washed with D-Hanks solution twice followed by resuspension with PBS solution. The resuspended cells were treated with Cell Trace CFSE (Gibco) for 15 min in the dark and the reaction was ended with FBS. After the wash step with D-Hanks solution, cells were cultured with basic medium for 30 min to restore cellular activity. Subsequently, cells were centrifuged and collected after a 4 day culture. Lastly, cells were treated with supplemental Lys (1.2 mM), Met (0.5 mM) or Lys&Met (Lys, 1.2 mM plus Met, 0.4 mM) for 48 h. Membranes were blocked in TBST (10ϫ Membrane Blocking/ Washing Buffer, cat. #175-01) for 2 h at room temperature. The membranes were then incubated with primary antibodies. Following primary antibody incubation, membranes were washed three times with TBST and then incubated with secondary antibody for 1 h at room temperature followed by the same wash step. Membranes were visualized with the DAB kit (CWBIO, cat. #CW0125A). The images were scanned with a GS-800 Calibrated Densitometer (Bio-Rad), and the lanes were analyzed with Bandscan software (V5.0). GAPDH was used as an internal reference protein to normalize protein expression. Primary antibodies included rabbit anti-mTOR (phosphoS2448) antibody (Abcam, cat. #ab84400), rabbit anti-mTOR antibody (Abcam, cat. #ab83495), and rabbit anti-GAPDH antibody (Abcam, cat. #ab22555). Secondary antibody was Goat polyclonal Secondary Antibody to Rabbit IgG -H&L (HRP) (Abcam, cat. #ab6721). Experiments were repeated in triplicate. Within each experiment there were three replicates. The data were analyzed with PROC ANOVA in SAS 8.2 (SAS Institute) via Duncan's multiple test. Data are reported as means Ϯ SE, and treatment means are considered statistically significant when P Ͻ 0.05.
RESULTS

Effect of supplemental Lys/Met on proliferation, casein concentration, and expression of genes related to milk protein synthesis.
To determine the optimal supplemental concentration and culture time for the AA study, we used the MTT method to evaluate the effects of Lys or Met on relative growth rate (RGR) of cells. Supplementation of media with 0.8 and 1.6 mM of Lys accelerated MEC proliferation after 48 h (Table 2) , while supplementing Met at 0.4 and 0.8 mM increased RGR by 48 h (Table 3) . No changes in cell proliferation were observed at 0.4 mM Lys (P ϭ 0.55), 0.2 mM Met (P ϭ 0.71), 3.2 mM Met (P ϭ 0.57), or 6.4 mM Met (P ϭ 0.63). Furthermore, a low dose of Lys (0.05ϳ0.4 mM) or Met (0.025ϳ0.2 mM) had no significant effect, while at high doses (Lys, 6.4ϳ25.6 mM; Met, 6.4ϳ12.8 mM) the RGR was decreased over cells without Lys or Met addition. When cells were cultured for 48 h and the concentration was 0.8 to 1.6 mM of Lys or 0.4 to 0.8 mM Met, the RGR was increased (P Ͻ 0.05) significantly.
To assess the effect of supplemental Lys or Met on casein concentration, total casein concentration was evaluated by ELISA (Fig. 1) . According to the results of the proliferation test, cells were cultured with different concentrations of Lys (0, 0.4, 0.8, 1.2, 1.6, 2.0, and 2.4 mM) for a 48 h period. Based on the relationship between the concentration of Lys and casein concentration (Fig. 1) , we obtained the following equation (Fig. 1) , y ϭ Ϫ0. the optimal dose to achieve maximal casein concentration. In a parallel study, cells were cultured with 0, 0.2, 0.4, 0.6, 0.8, or 1.0 mM of Met. The equation obtained was y ϭ Ϫ2.736X 2 ϩ 2.851X ϩ 1.984 (R 2 ϭ 0.95, P Ͻ 0.05), which revealed that 0.5 mM of Met increased the casein concentration most significantly (Fig. 1) . To investigate the optimal casein-inducing concentration of Lys or Met on cell proliferation, we used a flow cytometry approach. Results revealed that 1.2 mM of supplemental Lys and 0.5 mM of Met led to the significant proliferation of MEC (Fig. 2) .
The expression of CSN1S1, CSN1S2, CSN2, CSN3, LALBA, CAT1, JAK2, STAT5, MTOR was 71, 31, 29, 69, 69, 30, 13, 14, and 16%, respectively, greater with 1.2 mM Lys supplementation compared with controls; whereas 0.5 mM Met supplementation upregulated the expression of CSN1S1, CSN1S2, CSN3, LALBA, ACST2, JAK2, and STAT5 by 41, 46, 20, 21, 40, 23, and 20%, respectively, compared with controls. At the same time, EIF4EBP1 was downregulated by 44% with Met supplementation (Fig. 3) .
Effect of supplemental Lys&Met mixture on casein concentration, MEC proliferation, and genes related to milk protein synthesis. To evaluate the interaction of supplemental Lys and Met on milk protein synthesis, we combined Lys and met at different ratios. The content of casein in cells increased significantly (P Ͻ 0.05) and peaked at 2.95 ppm when the exogenous concentration of Lys and Met was 1.2 and 0.4 mM, respectively, or close to a ratio of 3:1 (Fig. 4) . To investigate the optimal casein-inducing concentration of the supplemental Lys& Met on cell proliferation, we used the flow cytometry approach. Results revealed that 1.2 mM of Lys and 0.4 mM of Met led to a significant increase in proliferation of MEC (Fig. 5) .
Gene expression measured at a Lys:Met ratio of 3:1 revealed that, while expression of the AA transporters SLC7A1 and SLC1A5 did not change, CSN1S1 and LALBA were the most upregulated genes and increased more than twofold (P Ͻ 0.01) compared with controls (Fig. 6) . The expression of CSN2, CSN3, and CSN1S2 also was upregulated but to a lesser extent.
The expression of JAK2 and ELF5, associated with the JAK2-STAT5 pathway, and MTOR also was upregulated (P Ͻ 0.01) at 3:1 Lys:Met. There was no change in expression of RPS6KB1, while expression of EIF4EBP1 was downregulated compared with the control (P Ͻ 0.01) (Fig. 6) .
Effects of supplemental Lys, Met, and Lys&Met on expression of total mTOR protein and p-mTOR.
Results revealed that total mTOR protein expression in cultures with Lys (1.2 mM) and Lys&Met (1.2 mM Lys and 0.4 mM Met) was greater (P Ͻ 0.05) compared with the control (Fig. 7) . Lys&Met resulted in the most obvious increase in mTOR protein expression, while there was no significant (P Ͼ 0.05) difference between control and Met. The phosphorylation of p-mTOR was 9.1, 12.0, and 13.4%, respectively, greater (P Ͻ 0.05) with Lys (1.2 mM), Met (0.5 mM), and Lys&Met (1.2 mM Lys and 0.4 mM Met) compared with the control. Furthermore, Lys&Met resulted in the greatest p-mTOR compared with Met and Lys. However, the further analysis of the ratio of p-mTOR to total mTOR revealed that Met (0.5 mM) increased the ratio of p-mTOR to total mTOR, suggesting that it had an effect at the posttranscriptional level.
DISCUSSION
A recent review concluded that milk production in the dairy cow is a function of MEC number and activity and that both can be influenced by nutrition (33) . It has been estimated that Ͼ90% of milk protein is synthesized de novo from the free AA taken up from blood; therefore, the AA are essential precursors (6) . The availability of AA is a key limiting factor for milk protein synthesis, with Met and Lys thought to be the most limiting (7, 30) . However, the mechanisms responsible for such an effect of Met and Lys are not well understood.
Proliferation and differentiation of the mammary glands are affected by many factors including hormones, vitamins, AAs, mineral elements, and growth factors (9, 27, 37) . A previous study demonstrated that AA supplementation could promote proliferation of lymphocytes (29) and skeletal muscle cells (15). Therefore, it is not surprising to observe that supplemental Lys, Met, and Lys&Met mixtures enhanced the proliferation of MEC. The absence of FBS in the culture media underscores the significance of the results, i.e., functional factors, bioactive compounds, and nutrients in FBS would promote growth and mitosis of cells, which may have confounded the effects of Lys and Met. The increase in cell proliferation induced by either Lys, Met, or their combination could contribute to the accumulation of casein, as a previous study demonstrates that the number of MEC was a determining factor for milk protein synthesis (25) .
Results from the present study suggest that proliferation of MEC is dependent on the dose of supplemental AA and culture time. A low dose of Lys (0.05 to 0.4 mM) or Met (0.025 to 0.2 mM) had no significant effect, while a high dose (Lys, 6.4 to 25.6 mM; Met, 6.4 to 12.8 mM) could reduce the proliferation potential, but the exact reason for such effect could not be discerned. In this experiment the optimal culture time for optimal proliferation was 48 h, suggesting that by 72 h of culture, a decrease of AA content in the medium prevented further growth.
Besides the proliferation effects, supplemental AA could increase the casein synthesis through other mechanisms such as transcriptional or posttranscriptional regulation (8) . The JAK2-STAT5 signaling pathway plays an important role in the regulation of milk protein transcription (8, 12) , while signaling through mTOR and its downstream effectors 4E-BP1 and RPS6KB1 is considered to play an important role in the translation of milk proteins (8, 36) .
In our study, genes in the JAK2-STAT5 and mTOR pathway were upregulated by supplementing 1.2 mM Lys, which was related to the upregulation of the milk casein genes and the increase of casein concentration. However, even though the effects of Met and Lys on genes encoding for milk proteins and genes involved in the JAK2-STAT5 pathway were similar, the expression of CSN2 and genes in the mTOR pathway was not affected in response to Met. The fact that p-mTOR (not total mTOR) increased with Met suggests that this AA could regulate the mTOR pathway via a posttranscriptional mechanism. Moreover, Lys and Met increased the expression of CAT-1 and ASCT-2, respectively, which seemed to constitute a mechanism whereby AA transport into MEC could be enhanced (1) . Although the mechanism is unclear, in the case of Lys, an increase in AA uptake by cells appeared mechanistically related with the greater response in mTOR and p-mTOR, as well as casein concentration.
Although our study revealed potential mechanisms (cellular proliferation and gene expression) for improved milk protein production by supplemental Lys or Met, the combined effects of both AA obviously are more biologically relevant because they are found in the circulation and/or can be consumed via the diet. Our results also demonstrated clearly that there is an upper limit in the milk protein response to increased concentrations of Lys or Met. The importance of a balance between Lys and Met availability to MEC was underscored because the mixture of Lys (1.2 mM) and Met (0.4 mM) resulted in casein concentrations Ͼ2.5 and 2.7 ppm induced by 1.2 mM Lys and 0.5 mM Met alone. In fact, casein concentration peaked (2.95 ppm) when the ratio of Lys and Met was 3:1 (concentration of Lys and Met was 1.2 and 0.4 mM, respectively).
Compared with 1.2 mM of supplemental Lys and 0.4 mM of Met the increase in RGR was more evident in response to Lys and Met at a ratio of 3:1, which was in agreement with the higher casein concentration. As indicated by the upregulation of expression for CSN1S1, CSN1S2, CSN2, and CSN3, and also total mTOR protein and p-mTOR an optimal ratio of Lys:Met enhances milk protein synthesis through concerted transcriptional and posttranslational mechanisms. As such, the effect of the optimal combination of Lys and Met on gene expression of the components of this pathway can at least in part explain the increased concentration of casein. It is noteworthy that the mixture of Lys and Met at a 3:1 ratio did not affect CAT-1 and ASCT-2 expression, which suggests that the addition of Lys or Met could inhibit their transport into MEC. However, other reasons for such an effect cannot be discounted.
Taken together, the data suggest that supplemental Lys or Met can activate the transcription of genes encoding milk proteins and promote the proliferation of MEC. However, a mixture of Lys plus Met at a ϳ3:1 ratio not only elicited transcriptional changes but also enhanced mTOR and pmTOR, ultimately increasing the concentration of casein. The idea that AAs regulate gene expression is now well founded. However, the underlying processes have only begun to be discovered.
Conclusion
Lys, Met, and their mixture may directly accelerate MEC proliferation and regulate the expression of genes related to milk protein transcription and translation, leading to improved milk protein synthesis. 
